Rsp5p is a conserved HECT-domain ubiquitin ligase with diverse roles in cellular physiology. Here we report a previously unknown role of Rsp5p in facilitating the stability of the cytoplasmic ribosome pool in budding yeast. Yeast strains carrying temperature-sensitive mutations in RSP5 showed a progressive decline in levels of 18S and 25S rRNAs and accumulation of rRNA decay fragments when cells grown in rich medium were shifted to restrictive temperature. This was accompanied by a decreased number of translating ribosomes and the appearance of ribosomal subunits with an abnormally low sedimentation rate in polysome analysis. Abrogating Rsp5p function affected stability of other tested noncoding RNA species (tRNA and snoRNA), but to a lower extent than that of rRNA, and also inhibited processing of rRNA and tRNA precursors, in agreement with previous studies. The breakdown of cellular ribosomes was not affected by deletion of key genes involved in autophagy, previously implicated in ribosome turnover upon starvation. Our results suggest that functional Rsp5p is required to maintain the integrity of cytoplasmic ribosomes under rich nutrient conditions.
INTRODUCTION
Cells up-regulate their protein biosynthetic capacity in response to growth stimuli by increasing synthesis of new ribosomes (Warner 1999; Jorgensen et al. 2004) . Mature ribosomes are normally stable under optimal growth conditions, as demonstrated by measurements of the rRNA synthesis and decay rates in a variety of prokaryotic and eukaryotic organisms (Weber 1972; Yuan and Shen 1975; Kief and Warner 1981; Deutscher 2003) . Suboptimal nutrient conditions, in contrast, have been observed to promote degradation of a fraction of ribosomes (Johnston et al. 1977; Ju and Warner 1994; Deutscher 2003; Zundel et al. 2009; Basturea et al. 2011) , although the mechanisms underlying this phenomenon are still poorly defined. One type of ribosome turnover induced by starvation in budding yeast was proposed to depend on a specialized type of autophagy, termed ribophagy . A notable exception to the normally high stability of mature ribosomes in growing yeast cells is the selective degradation of defective ribosomes that are rendered nonfunctional by mutations in their rRNA (LaRiviere et al. 2006; Cole et al. 2009; Fujii et al. 2009 ). Ribosomes damaged by oxidative stress also undergo accelerated degradation (Mroczek and Kufel 2008) . Evidence suggests that defects in ribosome surveillance may contribute to the pathogenesis of a number of human diseases (Lafontaine 2010) .
One intriguing aspect of ribosome stability in a cell is the presence of a multitude of RNases in the intracellular environment. Because the backbone of the ribosome structure is formed by RNA, ribosomes are potentially susceptible to damage by cellular RNases, yet normally, rRNA in ribosomes appears to be immune to their activities. It seems logical to assume that some structural features of ribosomes or tight control over RNase activities in the cell (or a combination of these factors) contribute to the high ribosome stability. The actual mechanisms that keep ribosomes secure from a nuclease attack, however, are not well understood, and neither are the conditions that could make ribosomes lose their protected status.
Here we report the unexpected finding that ribosome stability in growing cells of S. cerevisiae depends on the functioning ubiquitin ligase Rsp5p. Rsp5p is an essential HECT domain-containing E3 ubiquitin ligase (Huibregtse et al. 1995) that modifies a wide range of targets with both monoubiquitin and polyubiquitin chains, preferably linking ubiquitin through the K63 residue (Kaliszewski and 1 _ Zo1ądek 2008; Rotin and Kumar 2009) . This type of posttranslational modification typically serves nonproteolytic functions (Hicke 2001; Weissman 2001; Chen and Sun 2009) , in contrast to K48-linked polyubiquitin chains that usually target substrates for proteasome degradation (Hochstrasser 1996; Roos-Mattjus and Sistonen 2004; Thompson et al. 2008) . Rsp5p has been previously implicated in a range of cellular processes: sorting, trafficking, and endocytosis of plasma membrane proteins, biosynthesis of unsaturated fatty acids, actin cytoskeleton maintenance, mitochondrial inheritance, and others (for review, see Belgareh-Touzé et al. 2008; Kaliszewski and _ Zo1ądek 2008; Rotin and Kumar 2009) . Several links between Rsp5p and the translation machinery have been reported, including Rsp5p involvement in the maturation and nuclear export of rRNA, mRNA, and tRNA (Neumann et al. 2003; Rodriguez et al. 2003; Haitani and Takagi 2008) and modulating accuracy of translation (Kwapisz et al. 2005) . Despite intense study, the importance of Rsp5p for maintaining ribosome stability has not been previously recognized. As the data presented below demonstrate, lack of Rsp5p function can lead to extensive nucleolytic degradation of rRNA, resulting in a loss of cytoplasmic ribosomes.
RESULTS AND DISCUSSION

Degradation of rRNA in rsp5 mutants
Previous studies of Rsp5p showed a significant drop in protein synthesis rates in temperature-sensitive (ts) rsp5 mutants at nonpermissive temperatures (Krsmanović and Kölling 2004; Kwapisz et al. 2005) , which was attributed largely to changes in translational control. During our analysis of the strain MK15 harboring the ts allele rsp5-19 (Kaliszewski et al. 2006 ), we noticed a dramatic decrease in cellular rRNA levels when cells grown in the YPDA medium at a permissive temperature (25°C) were shifted to restrictive (37°C) temperature (Fig. 1A) . Hybridization analysis of rRNA in rsp5-19 cells transferred to 37°C revealed a pronounced smear of rRNA-derived decay products as well as accumulation of a distinct large 25S rRNA fragment (Fig. 1A ,B, asterisk). Destabilization of rRNA was not a general effect of elevated temperature or cell cycle arrest, as rRNA levels remained largely unchanged in a variety of other ts strains tested (Fig. 1A , cdc48-3 is shown as an example; Supplemental Fig. S1 ). rRNA was also stable at 37°C in the parental to rsp5-19 strain MK1, in which the FIGURE 1. rRNA levels decrease in rsp5-19 cells shifted to 37°C. (A) Cells harboring ts mutations cdc48-3 and rsp5-19 and the isogenic wild-type strains (W303 and MK1) were grown in YPDA at 25°C to mid-log phase and shifted to 37°C. Cells were collected at the indicated time points, counted, and RNA was extracted from 10 7 cells and analyzed by Northern hybridizations with the indicated probes against 25S and 18S rRNAs. Wild-type cell cultures were periodically diluted with fresh medium to maintain OD 600 0. cellular ribosome content actually increased transiently between 3 and 5 h after temperature shift (Fig. 1A) . The onset of rRNA degradation caused by rsp5 mutations was delayed in stationary phase or under nutrient-limiting conditions ( Fig. 1C ; data not shown), suggesting that Rsp5p function might be especially important for ribosome stability in rapidly growing yeast cells.
To verify the reduction of rRNA levels in rsp5-19 cells by an alternative method, we performed fluorescent in situ hybridization of 25S and 18S rRNA using Cy3-labeled oligonucleotide probes. Consistent with the hybridization analysis of rRNA isolated from cells, the diffuse cytoplasmic staining of rRNA became uniformly weaker in rsp5-19 cells as compared with wild type after a 5-h incubation at 37°C (Fig. 1D ). This result indicates a decrease in the total level of probe targets (i.e., mature rRNA and rRNA-derived degradation fragments). Microscopic observations did not reveal any gross changes in cell integrity that could potentially account for the rRNA losses.
Different mutations in RSP5 can cause destabilization of rRNA
The rsp5-19 mutation in the MK15 strain used in the above experiments affects a conserved proline residue (P418L) within the substrate-binding domain WW3 of Rsp5p, conferring a ts phenotype (Kaliszewski et al. 2006) . To confirm that the observed decay of rRNA in rsp5-19 cells was not due to unrelated ts mutations present in the MK15 strain, we first introduced the rsp5-19 allele into a different genetic background (INVSc). Shifting this newly generated strain to 37°C resulted in an rRNA degradation pattern similar to that in MK15 cells ( Fig. 2A) .
We next asked whether other mutations in RSP5 that functionally inactivate the encoded protein could lead to rRNA degradation. We examined rRNA levels by Northern hybridizations in strains with two previously characterized ts alleles: rsp5-3 containing three mutations, T104A, E673G, and Q716P (Neumann et al. 2003) , and rsp5-1 containing a single L733S substitution in the catalytic HECT domain (Wang et al. 1999) . We found that these cells exhibited a similar rRNA degradation phenotype at the nonpermissive temperature ( Fig. 2A; Fig. 2B, top) . The rRNA degradation was not observed in the isogenic wild-type strains at 37°C (Supplemental Fig. S2 ). Finally, expression of a wild-type Rsp5p from a plasmid in rsp5-19 cells was sufficient to protect ribosomes from degradation (Fig. 2C) . Based on these results, we conclude that the ubiquitin ligase Rsp5p plays a previously unknown role in maintaining rRNA stability in yeast cells.
Degradation of different types of noncoding RNAs in rsp5-19 cells
Previous studies indicated that abrogating Rsp5p function inhibits production of new ribosomal subunits and their export from the nucleus (Neumann et al. 2003) . Northern hybridization with a probe recognizing the internal transcribed spacer 2 region (ITS2) in pre-rRNA confirmed a strong accumulation of the nuclear 35S pre-rRNA transcript and reduced levels of the 27S and 7S pre-rRNAs in rsp5-1 and other rsp5 ts strains at the nonpermissive temperature ( Fig. 2B, bottom; data not shown), consistent with impaired ribosome maturation. Notably, no smear of decay products was visible in hybridizations with the pre-rRNA-specific probe, in contrast to mature 25S rRNA ( Fig. 2B ; cf. top and bottom panels). The lack of prerRNA degradation fragments is not surprising, since the majority of defective intermediates in ribosome assembly are rapidly eliminated by active RNA surveillance systems in the nucleus (Dez et al. 2006; Vanacova and Stefl 2007) .
Because ribosome biogenesis was affected in rsp5 mutants, we considered the possibility that the diminished FIGURE 2. rRNA degradation occurs in different rsp5 strains and is rescued by expression of wild-type RSP5. (A) Northern hybridization of rRNAs was performed as described in Figure 1 with cells containing wild-type RSP5, the rsp5-19 mutation (both in the MHY501 genetic background), rsp5-19 introduced into the INVSc strain, and a different ts allele, rsp5-3, in the FY23 background. (B) Cells containing the ts allele rsp5-1 and the isogenic wild-type strain FY56 were grown in YPDA at 25°C until mid-log phase and shifted to 37°C. 25S rRNA and major 5.8S/25S precursors (35S, 27SA/B, 7S pre-rRNAs) were detected by Northern hybridizations with the indicated probes. Wild-type cultures were not diluted in this experiment, leading to reduced new rRNA synthesis after 6 h of growth, in agreement with studies published previously (Ju and Warner 1994) . (C) The rsp5-19 strain MK15 was transformed with a 2m plasmid containing RSP5 under control of the TEF promoter (''RSP5'') or with an empty vector (''V''). Cultures were grown in a minimal selective medium, diluted with YPDA to OD 600 0.3, incubated at 25°C for 2 h, and then shifted to 37°C. rRNA was analyzed as in Figure 1 . Methylene blue staining of the membrane shows total 25S and 18S rRNA levels.
rRNA levels might simply reflect decay of newly synthesized ribosomes. To verify that pre-existing ribosomes can also be targets for decay, we pulse-labeled rRNA in cells with ½ 3 Huracil, transferred these cells into the YPDA medium, incubated them for an additional 5-10 h at 37°C, and then examined ½ 3 H-labeled 25S and 18S rRNAs. By this type of analysis, we are only assessing levels of mature ribosomes, because labeled rRNA precursors are completely processed into mature rRNAs within 10-20 min after the pulse (Kos and Tollervey 2010) . As shown in Figure 3A , the signal of the prelabeled 25S and 18S rRNAs underwent a significant decline between 5 and 10 h in the rsp5-19 cells at 37°C, whereas no such effect was observed in the control cdc48-3 strain that was similarly arrested in growth at this temperature. In rsp5-19 cells, there was also a clearly visible accumulation of an aberrant RNA (Fig.  3A, asterisk) that matched the size of the 25S degradation product detected in hybridizations (Fig. 1A,B, asterisk) . We thus conclude that the reduction of rRNA levels in rsp5-19 cells indeed involves degradation of pre-existing mature ribosomes.
We next compared the decay rate of rRNA in rsp5-19 cells with other types of noncoding RNAs. Northern hybridizations with different probes were performed on the same membrane to avoid loading variations (Fig. 3B) . PhosphorImager quantification (Fig. 3C) showed that 25S and 18S rRNA levels in rsp5-19 cells decreased z40-fold over the period of 10 h at 37°C, compared with a three-to fivefold reduction in tRNA Leu and U3 snoRNA levels. Unlike mature tRNA Leu , tRNA Leu precursors accumulated in rsp5-19 cells (Fig. 3B, arrow) . The latter result is consistent with a tRNA maturation defect, which was also observed in another RSP5 mutant, rsp5-3 (Neumann et al. 2003 ). There were no significant changes in any of these RNAs at 37°C in the control cdc48-3 strain (Fig.  3B,C) . These data indicate that while abrogating Rsp5p function affects multiple RNAs, mature rRNAs appear to be especially vulnerable to degradation and are lost from cells at a much greater rate than other stable RNA types.
Polysome analysis of rsp5 mutant cells
To better understand how inactivating Rsp5p function affected translating ribosomes, we separated cell lysates from the rsp5-19 and wild-type strains on a sucrose gradient. Consistent with a decrease in rRNA levels observed FIGURE 3. Mutations in RSP5 destabilize mature ribosomes. (A) Pulse-chase analysis of rRNA. Cells from rsp5-19 and control cdc48-3 strains were grown on YPDA to mid-log phase at 25°C, labeled with ½ 3 Huracil in SC-ura for 10 min, washed, resuspended in YPDA, and further incubated at 37°C. RNA was isolated from 5 3 10 6 cells at 5, 7.5, and 10 h after the labeling, separated by formaldehyde-agarose gel electrophoresis and blotted. 25S and 18S rRNAs labeled during the pulse were visualized by fluorography. Asterisk indicates the large 25S rRNA degradation fragment detected in hybridizations (see Fig. 1A ,B). (B) Cellular levels of different RNA types were analyzed by Northern hybridizations with probes against 25S rRNA, tRNA Leu , and U3 snoRNA. Arrow indicates unprocessed tRNA precursors. (C) PhosphorImager quantification of the relative levels of noncoding RNAs in Northern hybridizations shown in B. The signal at time zero (prior to temperature shift) is 100%. (D) Sucrose gradient sedimentation analysis of ribosomes extracted from the rsp5-19 and isogenic wild-type MK1 strains grown at the indicated temperatures. Mid-log cultures in YPDA at 25°C were shifted to 37°C for 3.5 h where indicated. Cell lysates were centrifuged through 15%-50% sucrose gradients and fractionated with the continuous measurement of absorbance at 254 nm. (E) Sucrose gradient analysis of ribosomes from the rsp5-19 and MK1 strains after 5 h at 37°C. RNA was isolated from individual gradient fractions, separated on an agarose gel, transferred to a membrane, and stained with methylene blue. Positions of full-length 25S, 18S rRNA, and the 39 degradation fragment of 25S (asterisk) are indicated.
in hybridizations (Fig. 1A) , the total level of ribosomes in rsp5-19 cells was greatly diminished after 3.5 h at 37°C (Fig.  3D) . Notably, some ribosomes were still present in the form of polysomes, indicating that they were associated with intact mRNA. A gradient analysis of ribosomes in rsp5-19 cells at 25°C or the wild-type MK1 strain at 37°C did not reveal any obvious abnormalities (Fig. 3D) .
In addition to reduced peaks of polysomes and 80S ribosomes in rsp5-19 cells, the top fractions of the gradient (corresponding to sedimentation coefficients <40S) displayed unusual peaks (Fig. 3D, bottom) , which further increased by 5 h at 37°C (Fig. 3E, top, fractions 2-4) . Because free ribosomal subunits in yeast normally sediment at 40S and 60S, and preribosomal particles are larger than mature subunits (Tschochner and Hurt 2003) , accumulation of material in top gradient fractions might be due to RNA decay. Indeed, analysis of RNA isolated from the rsp5-19 gradient revealed an intensive smear of rRNA degradation products in the corresponding fractions (Fig. 3E , cf. RNA in fractions 2-4 in the wild-type and mutant cells). Strikingly, large quantities of full-length 18S and 25S rRNAs were also shifted to these fractions. The abnormally low sedimentation rate of the full-sized rRNAs suggests that a partial disassembly and/or unfolding of the ribosome structure may take place before the rRNA is degraded into smaller fragments. This result indicates that degradation of ribosomes in rsp5 cells is a complex process that involves a combination of nucleolytic events and structural alterations.
Degradation of ribosomes in rsp5 cells does not require autophagy
A ribosome-specific autophagy pathway, termed ribophagy, was recently reported , and Rsp5p was proposed to act as a candidate ligase that carries out ubiquitination during this process . To determine whether rsp5 mutations might induce ribophagy or increase general autophagy, which is also known to direct cytoplasmic ribosomes to destruction in autophagic bodies (Takeshige et al. 1992) , we introduced deletions of key autophagy genes into the rsp5-19 strain: ATG7, essential for autophagosome formation (Suzuki and Ohsumi 2007) ; ATG19, specific for an alternate cytoplasm-to-vacuole pathway (Yorimitsu and Klionsky 2005) ; UBP3, implicated in ribophagy ; and the vacuolar peptidase gene PEP4 (Rupp and Wolf 1995) . To monitor autophagy, levels of a stable GFP fragment derived by cleavage of the marker protein GFP-Atg8p (Cheong and Klionsky 2008) were assessed by Western blotting.
As shown in Figure 4A , deletions of the autophagyrelated genes did not suppress rRNA degradation caused by the rsp5-19 mutation. Additionally, analysis of GFP-Atg8p showed that autophagy was not significantly induced in these cells, with the exception of the ubp3D strain (Fig. 4A,  bottom) . The low autophagy level was not unexpected, as we cultured these cells in rich YPDA medium. The parental strain MK1 was not autophagy deficient, because cleavage of the autophagy marker GFP-Atg8p was readily observed after shifting these cells to nitrogen-free medium, and this cleavage was suppressed by the atg7D mutation (Fig. 4B) .
Implications for understanding the cellular functions of Rsp5p and ribosome stability
Taken together, our findings indicate that in the absence of a functional Rsp5p, cytoplasmic ribosomes in yeast cells can become unstable and suffer extensive degradation. The importance of Rsp5p for ribosome stability is supported by the similarity in rRNA degradation patterns observed in strains carrying different ts alleles of RSP5 (Fig. 2A,B) and complementation of this phenotype by expression of the wild-type Rsp5p (Fig. 2C) . The ribosome degradation caused by defective Rsp5p function was especially pronounced in cells maintained in rich medium and was not affected by deletion of key autophagy factors (Fig. 4) . Although these results do not exclude a separate role that Rsp5p might play in ribophagy after prolonged nutrient restriction as proposed earlier , the breakdown of cellular ribosomes triggered by rsp5 mutations in rich medium clearly utilizes a different mechanism.
The most intriguing question raised by these findings is what processes affected by a lack of Rsp5p function could lead to ribosome breakdown. Because other noncoding RNAs are destabilized in rsp5 mutant cells, albeit to a lower extent than rRNA (Fig. 3B,C) , one possibility may be that Rsp5p is required for the proper regulation of RNase activities in a cell, and that a loss of Rsp5p-mediated controls promotes an indiscriminate attack by RNases on a variety of cytoplasmic RNAs. Our preliminary data indeed point to the participation of broad-specificity nucleases in the RNA degradation in rsp5 mutant cells (N Shcherbik and D Pestov, in prep.) . Other observations, such as the accumulation of a discrete large fragment of 25S rRNA (Fig.  1A,B ) and the decrease in sedimentation properties of ribosomal subunits prior to their degradation (Fig. 3E) argue that the role of Rsp5p is more complex, and that structural changes and partial disassembly of ribosomes may precede the eventual fragmentation of rRNA.
Ribosome turnover is usually assumed to occur under stress conditions, particularly upon starvation, when recycling of ribosome components might provide additional nutrients for the cell (Johnston et al. 1977; Zundel et al. 2009 ). However, rich nutrient conditions present a problem of a different kind: Metabolically active cells need to have mechanisms that ensure that ribosomes remain intact, which includes prevention of damage to rRNA and other noncoding RNAs by cellular RNases (Deutscher 2003) . In this study, our results suggest an important role for Rsp5p in controlling processes that influence the stability of the RNA-based translation machinery in yeast cells growing in rich media. A loss of ribosome integrity is likely to affect translational control of gene expression, decrease the overall protein synthesis capacity, and impair the ability of the cell to repair damage, all of which could contribute to other phenotypes associated with mutations in the RSP5 gene.
MATERIALS AND METHODS
Yeast strains, plasmids, media, and antibodies Yeast strains and plasmids used in this study are listed in Supplemental Tables S1 and S2. We used standard recipes for YPDA (1% yeast extract, 2% peptone, 2% dextrose, 10 mg/L adenine) and synthetic minimal media. For autophagy assays, pep4D and rsp5-19/pep4D cells were cultured in the presence of 0.1 mM PMSF . The anti-GFP antibody 7.1/13.1 was from Roche Biochemicals.
rRNA analysis
Yeast RNA was isolated by the acid phenol method (Schmitt et al. 1990) . rRNA was separated on 1%-1.2% agarose gels containing 1.3% formaldehyde for Northern blotting and detected using 32 Plabeled oligonucleotide probes (Supplemental Table S3 ) as described (Pestov et al. 2008 ). Hybridizations were analyzed using a Typhoon 9200 PhosphorImager and ImageQuant software (GE Biosciences).
For metabolic labeling of rRNA, cells from a 50 mL culture grown in YPDA to OD 600 0.4-0.6 were collected by centrifugation, washed, and resuspended in 1 mL of prewarmed SD medium lacking uracil. Labeling was with 70 mCi/mL ½5,6-3 Huracil (Perkin Elmer) for 10 min at 30°C. Cells were then pelleted, washed with YPDA, resuspended in 50 mL of YPDA, and transferred to 37°C, which arrested their proliferation owing to the presence of temperature-sensitive rsp5 and cdc48 alleles. Labeled RNA was separated on a formaldehyde-agarose gel, blotted, and detected by fluorography as described (Pestov et al. 2008 ).
Fluorescent in situ hybridization
Analysis of the intracellular rRNA localization was performed as described previously (Amberg et al. 1992) , with the following modifications. The methanol/acetone dehydration step was omitted; 0.4 U/mL of RNase inhibitor (Fermentas) was added to the prehybridization and hybridization solutions. Hybridizations were performed in buffer containing 50% formamide and 0.2 mM Cy3-labebed oligonucleotide probes (Supplemental Table S3 ) at 37°C overnight. After hybridization, cells were washed with 23SSC for 30 min at 37°C, 13SSC for 30 min at 37°C, and 0.53SSC for 15 min at room temperature. Slides were mounted in the Vectashield medium (Vector) containing DAPI and examined with a Zeiss Apotome microscope.
Sucrose gradients
Polysomes were prepared essentially as described previously (Sagliocco et al. 1996) . Cells were treated with 100 mg/mL cycloheximide 10 min prior to harvesting, pelleted by centrifugation, washed twice in ice-cold lysis buffer (100 mM NaCl, 3 mM MgCl 2 , 10 mM Tris-HCl at pH 7.4, 100 mg/mL of cycloheximide, and 200 mg/mL heparin), resuspended in lysis buffer, and broken open by vortexing with glass beads at 4°C. An aliquot corresponding to 50 OD 260 of the clarified lysate was loaded onto 15%-50% (w/v) sucrose gradients prepared in 70 mM NH 4 Cl, 4 mM MgCl 2 , and 10 mM Tris-HCl (pH 7.4). Gradients were centrifuged at 188,000g at 4°C for 4.5 h (Beckman SW41Ti rotor, 36,000 rpm) and fractionated using a Beckman fraction recovery system connected to a EM-1 UV monitor (Bio-Rad).
